Background: Non-occupational heavy metals are considered risk factors for coronary heart disease (CHD). Several recent epidemiologic studies have evaluated the relationship between non-occupational cadmium exposure and risk factors for cardiovascular disease (CVD). This study was designed to investigate the relationship between non-occupational cadmium exposure and risk factors for CHD using the Framingham estimate of 10 year CHD risk.
Introduction
Cardiovascular disease (CVD), including coronary heart disease (CHD), cardiomyopathy, heart failure, hypertension, and valvular heart disease, is a leading cause of death worldwide, with 17.3 million people worldwide dying of CVD in 2008, including 7.3 million people who died of CHD [1] . CVD is also a leading cause of death in South Korea, where the death rate in 2010 was 112.5 per 100,000, and the death rate for CHD was 47.2 per 100,000 [2] .
Smoking, hypertension, hypercholesterolemia, and other factors (age, sex, and air pollution) are among the major risk factors for CHD [3] . In addition, non-occupational exposure to several heavy metals has been associated with CHD [4] . Lead, which is both hepatotoxic and nephrotoxic, may induce cholesterogenesis and phosphogelipidosis in tissue [5, 6] . Blood cadmium level was found to be positively associated with systolic and diastolic blood pressure in the general Korean population [7] . In a US study using data from the National Health and Nutrition Examination Survey (NHANES), blood cadmium was found to positively correlate with peripheral artery disease [8] . Few studies, however, have evaluated the associations between heavy metal concentrations in blood and overall estimates of CHD risk [9, 10] .
The Framingham risk score, based on the Framingham Heart Study [11] , can be calculated using various factors, including age, sex, systolic blood pressure, total cholesterol and high-density lipoprotein (HDL) cholesterol concentrations, and smoking. Ten year CHD risk categories were classified as .20%, 10-20%, and ,10%. However, only one study, in Swedish females aged $70 years, has shown an association between blood cadmium concentrations and Framingham risk score (regression coefficient: 0.98, p-value = 0.0001), but even that study could not elucidate a relationship in those aged ,70 years [10] . Therefore, it is necessary to evaluate the relationship between the blood cadmium concentrations and CHD risk in persons aged ,70 years old. This study was therefore designed to investigate the relationship between blood cadmium concentrations and the Framingham estimate of 10 year CHD risk and its components among the general Korean population aged 25-64 years.
Materials and Methods

Data source and study subjects
The heavy metal dataset of the Korean National Health and Nutrition Examination Survey (KNHANES) IV and V (from 2008 through 2010), a representative annual survey of the health, nutritional status, and blood heavy metal concentrations in the civilian, non-institutionalized Korean general population, was analyzed. Representative non-institutionalized Koreans were selected using a stratified multistage clustered probability design developed by the Korea Center for Disease Control and Prevention [12] . Subjects were assessed for blood heavy metal 
Blood Cadmium
Blood cadmium concentrations were measured by the NEO-DIN Medical Institute, which was certified by the Korean Ministry of Health and Welfare. There was no background cadmium contamination at collection or in storage materials [12] . Cadmium concentrations in whole blood were assessed by graphite furnace atomic absorption spectrometry using a PerkinElmer AAnalyst AAS-600 (PerkinElmer, Turku, Finland), with Zeeman correction. For internal quality assurance and control, commercial standards (Lyphochek Whole Blood Metals, Bio-Rad, CA, USA) were used as reference materials. The coefficients of variation for blood cadmium were 1.51-11.89%, 1.35-5.29%, and 0.97-9.68% in 2008, 2009, and 2010, respectively. For external quality assurance, both the German External Quality Assessment Scheme (G-EQUAS), operated by Friedrich Alexander University, and the quality assurance program, operated by the Korea Occupational Systolic blood pressure, clinical laboratory tests, and hypertension treatment After 10 minutes of rest, blood pressure was measured three times at 5 minute intervals with a mercury sphygmomanometer while subjects were in a seated position. The first result was discarded, and the next two were used to calculate the average systolic blood pressure. Blood samples for clinical laboratory tests (total cholesterol and HDL cholesterol) were drawn by skilled practitioners after an overnight fast for .10 hours, and total cholesterol and HDL cholesterol were measured using a Hitachi Automatic Analyzer 7600 (Hitachi, Tokyo, Japan). The limits of detection for urinary cotinine and cholesterol were 0.25 mg/L and 33 mg/dL, respectively. Antihypertensive treatment was assessed by answers to the question 'Are you taking antihypertensive drugs or other treatment?' Participants who answered 'yes' to this question were considered to be taking antihypertensive treatment. Age, systolic blood pressure, and HDL cholesterol levels were categorized by the formula from the Framingham point score [3] .
Urinary cotinine and smoking verification
Spot urinary samples were collected for measurement of urinary cotinine by gas chromatography and mass spectrometry using a PerkinElmer Clarus 600T, with a limit of detection of 1.26 ng/ml. For internal quality assurance and control purposes, standard reference materials were used (ClinChek, RECIPE, Munich, Germany), which showed that the coefficients of variation for urinary cotinine in 2008, 2009, and 2010 were 3.43-9.11%, 0.79-8.17%, and 0.48-5.29%, respectively. The G-EQUAS utilizes a standard protocol to measure urinary cotinine. Individuals with urinary cotinine $50 ng/mL were defined as cotinine-verified smokers [13] [14] [15] .
Framingham estimate of 10-year coronary heart disease (CHD) risk
The Framingham estimate of 10 year risk of CHD was derived from the Framingham point score, based on age, HDL cholesterol and total cholesterol concentrations, systolic blood pressure, and smoking by gender [11] . The Framingham risk score is widely used to predict the 10 year CHD risk of an individual. Total points of risk factors ranged from 0,17 in males and 1,25 in females, with both representing Framingham point score ranges of 1% to 30%.
Statistical analysis
All statistical analyses were performed using SAS 9.2 (SAS institute, Cary, NC, USA). Analyses were designed to account for the stratified multistage clustered probability design and weights in KNHANES (2008 through 2010). The distribution of cadmium in blood was skewed and was therefore log-transformed to estimate geometric mean (GM) and geometric standard error (GSE). To control for confounders on both the Framingham estimate of 10 year CHD risk and blood cadmium levels, age and gender were stratified for all analyses. Cadmium levels were classified into quartiles within each age category. To determine the association between the Framingham estimate of 10 year CHD risk and blood cadmium levels, the log-transformed blood cadmium concentrations were regressed against the Framingham estimate of 10 year CHD risk in each of the seven age groups, 20 to ,35, 35 to ,40, 40 to ,45, 45 to ,50, 50 to ,55, 55 to ,60, and 60 to ,65 years, after adjusting for survey years. To evaluate the associations between log-transformed blood cadmium levels and the components of the Framingham points scores (systolic blood pressure, total cholesterol, and HDL cholesterol), multiple survey regression analyses were performed after adjusting for survey years, age, and urinary cotinine levels (SAS Syntax: PROC SURVEYREG).
Results
The GMs and GSEs of cadmium in blood are presented by sex in Table 1 . The GMs of blood cadmium levels were higher in older participants and in those with higher systolic blood pressure, higher total cholesterol, and higher urinary cotinine concentrations. Table 2 shows the Framingham estimate of 10 year CHD risk by age and blood cadmium quartiles and their linear trends. The means of the Framingham estimate of 10 year CHD risk were higher among Korean men than Korean women. For men, the means of the Framingham estimate of 10 year CHD risk increased with increasing blood cadmium quartiles (p for linear trend , 0.05). For women, significantly increasing trends were observed in groups aged 20 to ,35, 45 to ,50, and 60 to ,65 years.
The relationships between blood cadmium levels and the Framingham estimate of 10 year CHD risk by age groups among Korean men and women are shown in Table 3 . For Korean men, the Framingham estimate of 10 year CHD risk was positively related to log-transformed blood cadmium levels (p,0.05) in all age groups. For Korean women, the Framingham estimate of 10 year CHD risk was positively related to log-transformed blood cadmium levels in those aged 45 to ,50 years (p,0.05). Table 4 shows the relationships between blood cadmium levels and each component of the Framingham estimate of 10 year CHD risk by age groups, after adjusting for survey years, age, and urinary cotinine. The log-transformed blood cadmium levels among men aged 20 to ,35, 40 to ,45, 50 to ,55, and 60 to , 65 years were found to positively correlate with systolic blood pressure (p,0.05), but not with total cholesterol or HDL cholesterol concentration. Log-transformed blood cadmium concentrations also correlated with urinary cotinine concentrations.
The relationship between blood cadmium levels and each component of the Framingham estimate of 10 year CHD risk by age groups among Korean women are shown in Table 5 . After adjusting for survey years, age, and urinary cotinine, the logtransformed blood cadmium levels among women aged 20 to , 35, 45 to ,50, and 50 to ,55 years were found to positively correlate with systolic blood pressure (p,0.05), but not with total or HDL cholesterol concentrations. Urinary cotinine concentration also correlated with log-transformed blood cadmium levels in women aged 20 to ,35, 35 to ,40, 45 to ,50, and 60 to ,65 years.
Discussion
This study found that the Framingham estimate of 10 year CHD risk was positively associated with log-transformed blood cadmium concentrations in Korean men. Furthermore, logtransformed blood cadmium in specific age groups was positively correlated with systolic blood pressure, after adjusting for survey year, age, and urinary cotinine concentration.
Age was found to be the most powerful factor influencing the Framingham estimated 10 year CHD risk, with Framingham point scores ranging from 29 in subjects aged 20-34 years to 13 in subjects aged 75-79 years [11] . A study of subjects aged $70 years, thus controlling for the effect of age on the Framingham estimate of 10 year CHD risk, did not show associations in all age groups [10] . In the present study, the association between the Framingham estimate of 10 year CHD risk and blood cadmium concentration was analyzed in subjects aged #65 years. To avoid bias due to the wide range in ages, subjects were stratified into seven age groups (20-34, 35-39, 40-44, 45-49, 50-54, 55-59, and 60-64 years), and the Framingham estimated 10 year CHD risk was assessed in each.
Smoking may be an important confounder of both blood cadmium concentrations and Framingham estimated 10 year CHD risk. To elucidate the association between these two parameters, without considering the effect of smoking, an additional sensitivity test was performed (Table S1 ). Although a positive association was observed between blood cadmium concentrations and Framingham estimated 10 year CHD risk, the association was not statistically significant, suggesting that smoking may be a confounder. However, cotinine-verified nonsmokers frequently include former smokers. An additional analysis was performed for questionnaire-verified current smokers vs. never smokers (Table S2) , with the results suggesting a positive association between log-transformed blood cadmium levels and Framingham estimated 10 year CHD risk score in questionnaireverified never smokers among Korean males aged 40 to ,45 and 55 to ,60 years (p,0.01). Thus, the blood cadmium levels per se may be related to risks of CHD. To assess the role of smoking in this patient cohort, the association between blood cadmium and Framingham estimated 10 year CHD risk was analyzed, after stratification for smoking status (Table S3 ). The regression coefficients for log-transformed blood cadmium levels with the Framingham estimate of 10 year CHD risk among Korean male non-smokers and smokers were 1.739 (p,0.001) and 3.172 (p, 0.001), respectively. The correlations between blood cadmium and Framingham 10 year CHD risk among non-smokers suggest that smoking may play a modifying rather than a confounding role in this patient population. The results in Tables S1 and S2 , however, should be interpreted cautiously, due to the small numbers of never smokers and a possible overestimation of the effects of smoking due to information bias. Previous studies of hidden smoking among Koreans [14] and overestimation of the health effect by questionnaire-verified smoking status [16] suggested caution in interpreting health effects related to questionnaireverified smoking status. Further studies are needed to overcome these limitations.
Urinary cotinine has been found to correlate positively with blood cadmium levels [17] . A recent study found that self-reported smoking rates in Korean men and women were 5.3% and 8.0%, respectively, lower than cotinine-verified smoking rates [14] . The reported sensitivity for self-reported smoking status was 87.9% for men and 41.1% for women [14] . Thus, urinary cotinine concentrations were measured to verify current smokers, thus avoiding information bias. In evaluating the association between the components of the Framingham point scores and blood cadmium, we adjusted for urinary cotinine levels in regression analysis.
There is evidence for the biological effects of cadmium as influencing the Framingham estimate of 10 year CHD risk. Our study found that non-occupational cadmium exposure may be associated with the Framingham estimate of 10 year risk by elevating systolic blood pressure. Studies have assessed the association between non-occupational cadmium exposure and blood pressure [18] [19] [20] [21] [22] [23] . Cadmium has been found to increase blood pressure through several mechanisms, including acting as a partial agonist for calcium channels, inhibiting vasodilation [22] , having a direct vasoconstrictor action via oxidative stress [21] , depleting glutathione, and altering sulfhydryl homeostasis in the vascular wall [19, 20, 23] . Epidemiologic studies have demonstrated that chronic exposure to cadmium may be related to blood pressure in the general population [7, 24] . In a previous study of the general Korean population, the odds ratio for hypertension in Table 1 . Distribution in blood cadmium levels (mg/L) by sex. All values were accounted for in study weights.
GM: geometric mean; GSE: geometric standard error. doi:10.1371/journal.pone.0111909.t001 Table 2 . The means and standard errors of the Framingham estimate of 10-year CHD risk by age and heavy metal quartile. the highest vs. the lowest quartile of blood cadmium level was 1.52 (95% CI: 1.13-2.05) [7] . An association between blood cadmium levels and a modest elevation in blood pressure was also shown in the general US population [24] . However, in that study, hypertension was defined as a binomial variable (presence or absence). Binomial variable analysis, however, may result in information bias, since it depends on an interviewee's memory or intention. To overcome any possible misclassification bias (presence or absence of hypertension), we assessed blood pressure as a continuous variable in multiple survey regression analyses, finding significant positive relationships between log-transformed cadmium levels in blood and systolic blood pressure among several age groups, after adjusting for survey year, age, and smoking. We observed gender differences in the association between the Framingham estimate of 10 year CHD risk and blood cadmium levels. The Framingham estimate of 10 year CHD risk was lower in women, and the range of estimates in women was narrower than in men. For women aged 45-49 years, however, the Framingham estimate of 10 year CHD risk and systolic blood pressure were associated with blood cadmium levels, suggesting that hormonal changes may make the influence of cadmium more prominent in perimenopausal women. Korean women aged $45 years had higher ($1.30 mg/L) blood cadmium levels than those aged ,45 years. Interestingly, the Framingham estimate of 10 year CHD risk for women was likely to increase at a similar age. Metallothionein (MT) plays a protective role in cadmium toxicity [17] . Animal studies have shown that female hormones, such as 17 beta-estradiol and progesterone, could reduce the inhibition of MT mRNA expression [25] . Therefore, changes in female hormones may reduce the protective effect of MT on cadmium exposure during perimenopause. Moreover, diseases that influence the Framingham estimate of 10 year CHD risk, such as elevated blood pressure, may occur at a certain cadmium threshold level, but additional studies are required.
Another possible cause of gender difference influencing the Framingham estimate of 10 year CHD risk is smoking. In a study examining the relationship between the Framingham estimate of 10 year CHD risk and non-occupational heavy metal levels among elderly Swedish subjects, blood cadmium was related to Framingham risk score among women, but not men [10] , a finding inconsistent with our study results. The proportion of current smokers was higher in Swedish females than in males (11.4% vs. 9.9%) [10] , whereas the proportion of cotinine-verified smokers was much higher in Korean males than in females (52.2% vs.
12.1%).
Smoking is related to blood cadmium levels as well as to the Framingham estimate of 10 year CHD risk and its components [3, 7, 24, 26] . Therefore, differences in current smoking status may have influenced the primary results of both the previous study [10] and ours. A previous study concerning hidden female smoking found that the sensitivity of the interview was ,50% among Korean females [14] . To overcome this information bias, urinary cotinine concentration was used to verify smoking status, with urinary cotinine and blood cadmium levels being linearly associated in each age group of females in the present study.
Our study has several limitations due to its cross-sectional study design. First, subjects in our study were recruited in three different years. Despite efforts to ensure a representative population in each year, there may have been possible selection bias. To reinforce the power of the estimation of results, we used KNHANES from three different years. The Korea Center for Disease Control and Prevention has provided a statistical method of evaluating the results of 3 years in a dataset, using an adjusting equation for sampling weights [12] . We utilized these methods to generate new weights and estimated the regression coefficients in multiple survey regression analysis. In addition, we also adjusted for survey year. Second, this national survey did not make use of laboratory tests for chronic heavy metal exposure such as urinary cadmium. This limitation should be considered in interpreting our study results. Although blood cadmium levels do not reflect lifetime exposure, the markers used were not only the most valid biomarkers for recent cadmium exposure but also reflect the slow components of heavy metal exposure, since cadmium and lead are released into the blood from bone or other organs [27, 28] . However, this inevitable limitation should be considered carefully. Third, the Framingham estimate of 10 year CHD risk was derived from a white US population rather than from Koreans. Therefore, further evaluation should utilize a CHD risk scale derived from the Korean population.
Despite these limitations, our study has several strengths. First, as age is the most powerful influencing factor in the Framingham estimate of 10 year CHD risk, we controlled for age by stratifying subjects into seven age groups for multivariate analysis. Thus, the present study was able to control for the potential confounding effect of age. Second, the large number of subjects in our study may provide a higher statistical power than that of a previous study of elderly Swedish subjects [10] . Third, since there may be a high false negative rate with regard to current smoking as assessed by questionnaire, we verified current smoking status and quantified the degree of smoking using a biologic marker (urinary cotinine) [14] . Fourth, we observed a relationship between blood cadmium and systolic blood pressure. Previous laboratory studies have demonstrated the biologic plausibility of this association [20, 23] . Therefore, low-level cadmium exposure may influence the Framingham estimate of 10 year CHD risk by elevating blood pressure. Furthermore, our study subjects were from a healthy and community-based sample representative of the general Korean population, allowing our results to be generalized to the Korean population.
Conclusions
Low level cadmium exposure may be associated with CHD risk in men. Overall non-occupational cadmium exposure has been declining for several decades [29] , Efforts to reduce nonoccupational cadmium exposure, by reinforcing tobacco control and reducing the use of metal-containing fertilizers, may reduce metal-related CHD in the general population. 
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